used in the aircraft, which mainly target to delay the combustion of materials by lowering the heat release rate from combustion so as to obtain higher evacuation time [9] .
Out of many methods [10] to increase their thermal and fire stabilities, one commonly used method is the addition of inert fillers (such as quartz, talc etc.), flame retardant (FR) additives acting by physical means (such as alumina trihydrate, magnesium hydroxide, borax/boric acid combinations) or chemically reactive type FR additives (such as ammonium polyphosphate, melamine phosphate etc.)
in the matrix. Filler and additives functioning by physical means are required at very high loading levels to be effective, which in turn can affect the mechanical performance of the laminate, hence are not suitable for composites used for structural applications [10] . Reactive type additives, however, can be effective at low concentrations [11, 12] . These flame retardants function in condensed phase, containing, active in condensed phase, (ii) intumescent chemicals, active in condensed phase and also known as char promoters, (iii) organophosphates, active primarily in condensed phase, but in some polymers known to have also shown vapour phase activity, (iv) halogen-containing, active in vapour phase. While some of these chemicals are commercially used for reduction of flammability of the fast curing epoxy resin used for other applications, their commercial use for aerospace grade toughened resin is limited due to the conception that they can affect the mechanical properties of the composites.
Moreover, until recently the majority of the flame retardants used were halogen based, e.g. tetrabromobisphenol A (TBBPA) for electrical and electronic applications [13] . In Europe the current primary regulation for all chemical safety, including flame retardants, is achieved through REACH 
Experimental

Materials
Resin : Epoxy resin, triglycidyl-p-aminophenol (TGAP), was supplied by Vantico Ltd, UK, while the curing agent 4,4'-diamino diphenyl sulphone (DDS) was provided by Acros Organics BVBA, Belgium. A thermoplastic toughener, polyether sulphone (PES) was sourced from Cytec, Netherlands.
Flame retardants (FR) :
The following commercially available flame retardants were used without further purification : After all air bubbles were removal, the curing was carried out by heating at 120 o C for 1 h and then at 180 o C for 3h. The sample compositions are given in Table 1 . Percentage of flame retardant elements,
i.e. phosphorus, nitrogen and halogen present in each sample is given in Table 2 .
Composite laminates: Based on the flammability results of cast resin samples, composite laminates with two selected flame retardants, Int 2 (NH 1511) and FR372, using E-FR(8) formulations (Table 1) were prepared. Samples were prepared by impregnating 8 layers of woven roving (bi-directional) hours. The cured composites were cut into small specimens for fire and mechanical testing.
Thermogravimetric Analysis.
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed on resin formulations (see Table 1 ), prior to curing using an SDT 2960 simultaneous DTA-TGA instrument from room temperature to 900ºC using 10 ± 1 mg samples heated at constant heating rate of 10ºC/min in air flowing at 100 ± 5 ml/min. The experiments were performed in triplicate and showed good reproducibility. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 to cast large amount of resins. Hence, this sample size was chosen to get three replicate specimens. A comparative study was undertaken by testing square shaped wood samples with standard dimensions (10 cm x 10 cm) and round shaped wood samples with 5.5 cm diameter and the results are tabulated in Table 3 . The variation for total heat release (THR), peak heat release rate (PHRR) and effective heat of combustion (H c ) was found as ± 5% [17] . The variation in smoke was considerable. This is due to reason that the software used sample dimension for calculation of heat release, mass loss, etc., whereas the smoke analyser is independent and does not take this value into account. The smoke value of a sample depends upon specific extinction area. The area of round samples was about ¼ of square samples. To compensate for different samples sizes, values in the parentheses were normalised as per gram of the sample mass. The round samples of cast resins were used in this work. These results were used for relative study as to compare the effectiveness of different fire retardants. However for composite samples, 10 cm x 10 cm sample size is used.
Flammability
Dynamic mechanical thermal analysis
A polymer laboratories dynamic mechanical thermal analyser was used in bending mode where samples of 46 ± 1 mm x 3 ± 0.5 mm x ~3 mm dimensions were clamped under dual cantilever loading using single point shaft. Frequency was maintained at 1 Hz and strain level at 64 micron. Dynamic heating was applied from room temperature to 340 o C at 3 o C/min.
Mechanical testing of composite laminates:
The composite samples were tested for mechanical performance by an Instron tensile tester 4303 for their flexural and tensile properties. For flexural performance, three point bending tests were carried out in a bending mode and four point bending tests in a compressive mode. The span length of samples was 100 mm. The applied load for 3 point and 4 point bending tests were 50 N and 90 N, respectively at 2 mm/min speed. These tests were carried out within the elastic range of the material. For tensile tests the load up to 50 KN was applied at a cross head speed of 100 mm/min. The gauge length of each specimen was 100 mm and the polymeric tabs were bonded to their ends for improved gripping and to ensure failure within the gauge region.
Results and Discussion
Thermal analysis of resin formulations
Thermal analysis study of all resin formulations prior to curing has been used to study the effect of additives on the curing temperature and thermal stability of the resin. The effect of the PES toughener on the DTA and TGA behaviour of the epoxy resin has been discussed in detail in our previous publication [6] , where it was observed that the toughener slightly increases the curing temperature (by effect. The detailed discussion for selected samples is presented elsewhere [6] . This study shows that the curing of resin is only slightly affected by the inclusion of flame retardant chemicals.
All flame retardants shifted the onset and peak temperatures (see Fig. 1 ) of the decomposition exotherm of the resin to lower temperature compared to that of the control resin. The shift of the temperature however, depended upon the FR type. This can also be seen from TGA curves shown in Fig. 2 , where all flame retarded samples start losing mass earlier than the control sample, hence Fig. 2(b) where the mass differences between flame retarded samples (8% FR) and the epoxy resin are plotted as a function of temperature. The extent of residual mass retention in this stage is very much dependent upon the mechanism of action of the FR in a particular sample.
In general all P-and N-containing FRs working in condensed phase [16, 17, 18] enhanced char formation of the resin ( Fig. 2(b1) ). The APP shows highest char formation at 700 o C, followed by melamine pyrophosphate and phosphate (Table 4) . Both intumescent based FRs, in particular phosphorylated pentaerythritol enhanced char formation of the resin. The organophosphorus containing epoxy resins showed comparatively lower char formation than P-and N-containing FRs ( Fig. 2(b) ), which partly is due to lower phosphorus content in the former as shown in Table 2 and partly due to the possibility of them working in the gas phase as well. Organophosphates such as TTP, BAPP and RDP in some polymers are known to function also in gas phase. The halogenated flame retardants as expected showed minimal effect on char formation as seen from Fig. 2 (b3) due to their gas phase mechanism of action. For detailed thermal analytical study of these samples relating to their mechanisms of action, reader is referred to our previous publications [6, 19, 19 ].
This study shows that P-and N-containing and intumescent based flame retardants are the most effective, followed by the organophosphate FRs (Table 4) Since the char retained after burning a polymer is a measure of its flammability as suggested by the work of Krevelen [20] which correlated LOI with TGA-derived char levels in inert atmosphere and
Zhang [21] in air atmosphere, the flammability of the above samples should also follow the same trend.
Halogenated FRs on the other hand work in gas phase, hence are least effective in char formation.
Therefore, their flammability cannot be assessed by the char formation ability of the sample.
Physical and Flammability Properties of Cast Resins
Morphological and Physical Properties
All resin formulations discussed above were cured under conditions discussed in Section 2. As can be seen from Fig. 3 (a), the control sample is transparent.
It was observed during sample preparation that the addition of all P-and N-containing FRs or intumescents turned the liquid solution of epoxy resin blurry, due to immiscibility of FRs in the resin.
These immiscible FRs seemed to be uniformly dispersed in the epoxy resin after mechanical stirring.
However, the SEM images of cross-sections of the laminates indicated that the flame retardant particles settled down at the bottom of the cast resin, which was more noticeable for samples with higher level of FRs, as can be seen from SEM images in Fig. 3 for samples containing 8% melamine pyrophosphate (E-MPP (8)), ( Fig. 3(b) ) and phosphorylated pentaerythritol (E-Int 1 (8)), (Fig. 3(c) ).
This problem, not usually observed for fast curing resins such as low-temperature curing epoxies or unsaturated polyester [22] , occurred due to stationary placement of the container during long curing time (see Section 2.2) and immiscible granules of flame retardants settled down at the bottom of the cast resin. (8) is shown in Fig. 3 (e).
To observe whether FR containing samples are well cured or not, a few selected cured samples were subjected to thermal analysis again. The heat of reaction under the curing peak from DTA curves was calculated and the percentage of curing was obtained by measuring the percentage of reduction in heat of reaction of curing exotherm of cured samples. As shown in Table 4 all these samples are well cured, i.e. > 90%.
Flammability Properties
As discussed in Section 3. were tested for these tests as well as for cone calorimetery along with samples containing uniformly dispersed FRs (organophosphates and halogenated).
The idea was to demonstrate that even with poor dispersion what positive/negative effects could be achieved and whether this concept can be used in design of the composites, where flame retardants are present in certain part of the structure, rather than uniformly distributed. Moreover when used for fibre-reinforced multi layered composite structures, the fibre layers will hold the FR particles and hence, FR chemicals will be present in different layers, although the surfaces will still be resin rich.
In context of this study, the discussion below is based on samples with poor and good dispersion. The LOI and UL-94 results for samples with poor dispersion are clearly marked in Table 4 .
Limiting oxygen index (LOI) :
Both epoxy resin (ER) and the control epoxy sample (E) gave an LOI value of 24 vol-% ( Table 4 ), indicating that the PES does not affect this value. All flame retardants at 4% concentration have been successful to raise the LOI of epoxy resin, E from 24 to more than 28 vol-%. Results for P-and N- Fig. 4(a) . It can be seen that ∆LOI for a sample increases as phosphorus content increases, which however also depends upon the fire retardant type, e.g. 4% RDP increased the ∆LOI value more than that by 8% TTP, although the phosphorus content in 4% RDP (P = 0.43%) is less than that in 8% TTP (P = 0.64 %). This may be due to difference in condensed phase mechanisms of the two flame retardant types, as TTP is also known to be active in vapour phase in some cases.
The halogenated flame retardants FR 372 and FR 245 at 4% level increased the LOI of epoxy resin from 24 in control sample to 29.1 and 28.3 vol-%, respectively (Table 4 ). Further addition of these flame retardants increased the LOI by 2.8%. Slightly higher, but still within the experimental error range LOI value for FR 372 is due to higher percent of bromine ( Table 2 ) and presence of additional phosphorus.
UL-94 :
All other samples were tested for UL-94 rating according to ISO 1210 standard [15] and total burning time are given in Table 4 . The control epoxy resin burnt completely within 39 s after single application of flame; melting, dripping and cotton ignition were observed, hence failed the test.
Melt dripping in this sample was more than that for the epoxy resin ER sample due to presence of the thermoplastic PES in the control sample. The flame retarded samples showed remarkably different results compared to the control resin sample (Table 4) . P-N-and intumescent flame retardants All other flame retardants reduced the burning time as well as the total burnt length without causing any melting, dripping and cotton ignition. This effect was greater for samples with higher level of flame retardants, Samples with 8% BAPP, TPP, TTP, FR 245 could achieve V1 and with FR372 VO rating. In terms of V0/V1 rating and the total burn time for samples with 4% FR, the effectiveness of different flame retardants can be ranked as:
At 8% concentration of flame retardant, the trend is as :
This slight difference in trend at two different concentrations can be explained due to different P, N and halogen concentrations in the samples (Table 2) , as a minimum concentration of a fire retardant element is required for it to be effective in reducing the flammability of a sample.
Cone calorimetry:
Flammability tests were also performed using cone calorimetry and fire performance parameters including time-to-ignition (TTI); the heat release rate, and in particular the peak value (PHRR); the total heat release (THR); the mass loss; and the amount of smoke produced during combustion were obtained. These data and some derived parameters such as the effective heat of combustion (Hc) and char yield are presented in Table 5 . All results are average of three replicate runs and reproducible to ± 10%. Fig. 5 shows the HRR, mass loss and smoke release values as a function of time for the epoxy resin samples containing different FR additives. For sample with poor dispersion, resin-rich side was exposed to the heat flux. The time-to-ignition (TTI) of epoxy resin with PES (E) was 32 s as seen from The inclusion of flame retardants had a little effect on time-to-ignition of the epoxy resin ( Table 5 ).
As seen from Fig. 5 (a) and Table 5 , the peak heat release rate (PHRR) of epoxy resin (E) is reduced with the addition of fire retardants, which is further reduced with higher FR concentration, except for samples containing APP and BAPP. Apart from APP, all P-and N-containing flame retardants at 4%
concentration lowered the PHRR of the epoxy resin (E) by at least 100 kW/m 2 ( Fig. 5(a) , Table 5 ), which is about 10% reduction compared to the epoxy resin (E) sample. This reduction was about 25%
at 8% loading for P-and N-containing flame retardants. The poor performance of APP is due to its poor dispersion where the APP settled down at the bottom of the plaques and the top surface being resin rich, burnt easily, causing higher peak heat release rate. However, for other samples despite poor dispersion (see Fig.3 ), decrease in PHRR could be observed.
Amongst organophosphosphate flame retardants, BAPP and RDP were not effective in lowering the PHRR of the epoxy resin ( Fig. 5(a) ). TPP and TTP decreased the PHRR by about 250 kW/m 2 . The halogenated samples reduced the PHRR significantly ( Fig. 5(a) ). FR 372 at 4% concentration reduced it by about 35% compared to the control epoxy resin, whereas increasing FR concentration to 8% had a little further effect. However, for FR 245, the reduction of PHRR was from 12 to 40% by increasing FR concentration from 4 to 8% (Table 5 , Fig. 5(a) ). Comparatively lower PHRR (Table 5) obtained for halogenated samples can be explained due to better dispersion of these FRs in the resin and the presence of halogen in required concentration to be effective in reducing flammability by acting in the vapour phase [23, 24] . FR 372 due to addition phosphorus presence, was more effective even at 4%, and further addition of flame retardant had no further effect. Amongst all flame retardants Int 1, FR (Table 5) . Amongst halogenated samples, both FR 372 and FR 245 showed better efficiency in lowering down the total heat release rate of the resin by about 23% at 8% concentration. The overall trend can be summarised as:
Int 1>Int2>MP≈TPP>MPP>FR372≈FR245>RDP>APP>TTP>BAPP
These results indicate that in some samples, e.g. E-APP, E-MPP, where dispersion of flame retardants is not uniform and all flame retardants settled at the bottom of the sample, the PHRR was not reduced as expected, however reduction in THR could be observed. This can be explained on the basis that resin rich surfaces give higher PHRR, whereas once the flame retardant action of the chemicals is activated, the overall flammability is reduced.
The effective heat of combustion (H c ) over a given time is the quantity of heat produced by combustion of a unit quantity of a material. It is measured in the cone calorimeter throughout the burn period from the heat release and mass loss rates, and may thus be used to measure possible flame retarding effect of different flame retardants. All flame retardants decreased the effective heat of combustion of epoxy resin (E), except for BAPP (sample E -BAPP (4)) ( Table 5 ). Int 1 from intumescents, TPP from organophosphorus fire retardants and both halogenated flame retardants were most effective in reducing the H c of the resin as seen from Table 5 . Since the char retained after burning a polymer is a measure of its flame retardancy [20] , the mass loss curves give an insight into the flame retardant performance of the samples. Mass loss curves for all samples are given in Fig. 5 (b) and the char residue values recorded after 240 s of starting of the experiments are given in Table 5 . It can be seen from Fig. 5 that all flame retardants, except FR 245 enhanced the stability of the resin, showing more residue at any particular time compared to the control resin sample (E). All flamee retardants show significant char formation at 240 s in Table 5 . All P-and N-containing samples had high char yields. Amongst organophosphorus flame retardants, TPP and TTP were less effective than RDP and BAPP. Amongst halogenated fire retardants, FR 245 was less effective compared to FR 372. Halogenated flame retardants usually function in vapour phase
[233] and do not affect char formation. Better performance of FR 372 in terms of char yield can be explained due to additional presence of phosphorus in the flame retardant, which acts in condensed phase [23, 25] and enhances char formation. The higher char formation of P-and N-containing samples in the cone calorimetric experiments (Table 5 ) is due to the formation of a thermally stable carbonaceous material resulting from condensed phase mechanism of these flame retardants [26] . As an example, chars formed by APP containing samples are shown in Fig. 6 . The overall trend for effectiveness of different fire retardants at 8% concentration for char formation is:
Int 1>MPP> Int 2≈APP> RDP> MP >BAPP>FR 372>FR245>TPP>TTP
With regards to smoke production only P-and N-containing flame retardants decreased the total smoke production slightly, i.e. by about 10% compared to the epoxy resin, E (Table 5) , whereas 4%
organophosphorus FRs have minimal effect on smoke production (Fig 5(c) ) . These flame retardants increased the total smoke compared to sample E, when present at 8% level. The halogenated flame retardants also increased the total smoke at both 4 and 8% levels ( Table 5 ). The increase in smoke formation in flame retarded samples is due to incomplete combustion of the resin formulation [27, 28] . Flame retardants active in vapour phase enhance smoke production.
The FIGRA (Fire Growth Rate Index), which indicates the burning propensity of a material, has been calculated from the ratio of PHRR and time to PHRR for all samples in Table 5 . Lower the FIGRA value, lower the fire growth in a material. Based on the data presented in Table 5 , Int 1 was most organophosphates show that they are less effective than P-and N-containing flame retardants despite their good dispersion, which can be explained due to low phosphorus content in these samples (Table   2 ). Halogenated flame retardants act in gas phase, hence, are effective in reducing PHRR but not in enhancing char formation. They also increase smoke production (Table 5) [277].
Based on above discussion it could be concluded that the flammability of the resin is influenced by the type of flame retardant present in the sample, whereas all flame retardants of one particular type were not equally effective in every type of fire testing. This is due to different conditions used for each type of fire test, such as LOI, UL-94 and cone calorimtery. Therefore, the flame retardants cannot be ranked generically for all types of tests. 
Physical, Mechanical and Flammability Properties of Carbon-Fibre Reinforced Composites
The aim of this part of the work was to evaluate whether the efficiency of the flame retardant chemicals observed in above section for the cast resin is maintained in carbon fibre-reinforced laminates as well and how do flame retardant additives affect the mechanical performance of the laminates. From a range of samples discussed above, only two chemicals, Int 2 and FR 372 based on their better dispersion in the resin, were selected to prepare carbon fibre-reinforced composites. The composition and physical properties of control and flame retarded laminates are given in Table 6 .
Physical and Mechanical Properties
From dynamic mechanical thermal analysis (DMTA) glass transition temperature (T g ) was measured
and the values are given in Table 6 . The control composite laminate had T g 205 o C, which is lowered in presence of flame retardants. This may be due to plasticizing effect of FR additives in the resin
[30]. The higher T g values of the control C1 composite may also be due to slightly higher resin content (Table 6 ) and hence, higher number of sulphone groups which affect the toughening of the resin [31] compared to samples C2 and C3, where resin content is lowered due to additional FR chemicals presence.
Flexural and tensile results of all the samples are also given in Table 6 . Since control and flame retarded samples have different fibre contents (represented by fibre volume fraction in Table 6 ), the modulus values for control sample was normalised to same as for flame retarded samples, i.e. 61.8%. The tensile modulus is associated with the low strain region (upto 0.15%) or design limit. As seen from Table 6 the presence of flame retardants has slightly increased both flexural and tensile moduli, and stress-at-failure values compared to the control sample, indicating that the presence of flame retardants has no adverse affect on the mechanical performance of the laminate.
Flammability Properties
The UL-94 results for three samples are given in Table 7 . None of the composite samples ignited in the horizontal UL-94 test, therefore all the composites were subjected to the vertical UL-94 test. Out of three specimens tested, one specimen of control sample, C1 burnt completely, with the total burning time of 52 s, hence the sample failed UL-94 rating criteria [15] . For cast resin sample also there was no UL-94 rating (Table 4) . However, melting and dripping of resin observed for cast resin, was not noticed in the carbon fibre-reinforced composite laminates. The samples containing flame retardants C2 (Int 2) and C3 (FR 372), self-extinguished once the external flame was removed. None of the samples showed any melting or dripping or caused ignition to the underlying cotton. These results indicate that both fire retardants are effective in reducing flammability of the composite laminates and promoting UL-94 rating of epoxy composite from V1 to V0.
The cone calorimetric results in Table 7 show that although the FR additives lowered the time-toignition (TTI) of the fire retarded laminated compared to the control sample, they were effective in reducing the peak (PHRR) and total heat release (THR), effective heat of combustion (H c ) and smoke production. FR 372 is more effective than Int 2 in reducing these parameters as seen from Table 7 .
The inclusion of FR 372 decreases THR by about 45%, PHRR by 35% and H c by 40% as compared to the control sample. Relatively lesser effectiveness of Int 2 in C2 sample can be explained due to lower phosphorus content (0.32%) in the sample (Table 6) Comparing the cone calorimetric results of composite laminates discussed here with the cone calorimetric results of cast resin samples discussed in Section 3.2.2, it can be seen that composite laminates are less flammable than resin only samples. This is due to low resin content in the composite laminates and presence of carbon fabric, which acts as a filler reducing the flame spread.
To compare effect of additives on flame retardant properties of cast resins and fibre-reinforced composites, percentage changes with respect to control E and C1, respectively are shown in Fig. 7 .
Due to the incombustibility of carbon fibre, flame retardant attitives show less effect on the residual char weight of composites as compared to cast resin samples (see Fig. 7(c) ). However, from Fig. 7 (a) it can be seen that effect of FR 372 on PHRR is similar in cast resin and fibre-reinforced composites, whereas it is more effective in reducing THR in composite as compared to the cast resin. Int 2 on the other hand is less effective in reducing both PHRR and THR in composite as compared to cast resin, which is due to low phosphorus content in the composite sample (see Table 6 ). Effective heat of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 combustion of fibre-reinforced composites are higher than respective cast laminates, which is due to the fact that carbon fibres oxidise on prolonged exposure to heat [33] , hence releasing more heat.
Conclusions
The inclusion of all types (phosphorus-and nitrogen-containing, intumescent based, organophosphorus and halogentaed) of flame retardants in the resin enhanced the thermal stability in terms of residual mass and flame retardancy of the epoxy resin. On curing flame retarded formulations it was observed that all P-and N-containing and intumescent based FRs settled down on the bottom of the plaque. Visual inspection of these samples did not show signs of poor dispersion, which however was observed by scanning electron micrographs of the cross-section of these laminates. This problem however, does not occur in fast curing resins as seen previously in our work on unsaturated polyester [22] . These flame retardant chemicals can however be used fibre-reinforced composites,
where fibre layers will hold the resin and additives or alternatively prepregs can be prepared with these formulations. Organophosphate and halogenated flame retardants were well dispersed in the resin.
In general for the high performance, aerospace grade epoxy resin used in this work, all flame retardants were effective in improving the UL-94 rating, LOI values and reducing total heat release rate of the resin. Intumescent based and P-and N-containing flame retardants were the most effective in enhancing char formation at higher temperatures, however their effectiveness for reducing peak and total heat release in cone experiments depended upon the phosphorus content in the cured resin sample. Halogenated fire retardants were very effective in reducing overall flammability of the resin.
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